The photoelectrochemical responses of WO 3 thin films have been investigated as a function of annealing temperature up to 600°C. WO 3 films were deposited on unheated substrates by thermal evaporation followed by annealing at temperatures of 300, 500, and 600°C for 5 h in air. The WO 3 film annealed at 500°C shows the best photoelectrochemical response due to improved crystallinity and enhanced light absorption in the long-wavelength region. Although the WO 3 film annealed at 600°C exhibits better crystallinity and increased light absorption properties, it shows a decreased photoelectrochemical response in comparison to the one annealed at 500°C. These results strongly suggests that the reduced amount of electrochemical reaction sites for the film annealed at 600°C film plays a significant role in influencing the decreased photoresponse.
I. INTRODUCTION
Photoelectrochemical cell ͑PEC͒ systems are promising methods for producing H 2 gas in an aqueous solution by solar energy.
1-3 Photoelectrochemical properties of numerous metal oxides, e.g., TiO 2 , ZnO, Fe 2 O 3 , etc., have been studied. 4 PEC systems based on TiO 2 have been extensively investigated.
1,2,5-7 However, it is only photosensitive in the UV region, due to its wide energy band gap ͑3.2 eV͒. Thin films of WO 3 have been extensively studied in many other technological areas such as electrochromism, [8] [9] [10] photocatalysis, 11 and gas sensing, 12 because they exhibit nontoxic, stable, and native n-type semiconductor properties. WO 3 also has good resistance against photocorrosion in the acidic aqueous solutions, and its energy band gap can be changed from 3.4 to 2.6 eV with variations in crystallinity. 8 These properties suggest the use of WO 3 as a promising alternative for TiO 2 in PEC devices.
Recently, Miller et al. 13, 14 reported that WO 3 films can be integrated as promising top layers in efficient multijunction hybrid photoelectrode systems, providing an oxide/ electrolyte interface where oxygen-evolution reactions take place. In these multijunction hybrid photoelectrodes, the oxygen-evolution reaction takes place at the illuminated WO 3 / electrolyte interface, whereas hydrogen evolution occurs at the back surface ͑promoted by a suitable catalyst layer͒. However, the photoelectrochemical response of WO 3 has been scarcely reported when compared to investigations of TiO 2 . 15, 16 Therefore, studies directed toward optimization of the photoelectrochemical response of the WO 3 films are fertile ground for technical exploration.
In this article, WO 3 films have been deposited on unheated substrates by thermal evaporation followed by postannealing at different temperatures ranging from 300-600°C. The structural, optical, electrochemical, and photoelectrochemical properties of these films as a function of increased annealing temperature were then characterized using x-ray diffraction, UV-Vis spectroscopy, and electrochemical measurements under dark and illumination conditions. Our data and analyses will show that the WO 3 film annealed at 500°C exhibited superior photoelectrochemical response when compared to the other films. These relatively surprisingly results will be discussed in terms of crystallinity, optical absorption, and the amount of available electrochemical reaction site at the WO 3 / electrolyte interface of a PEC device.
II. EXPERIMENT
WO 3 films were deposited on the unheated substrates by the thermal evaporation of high-purity WO 3 powder ͑99.99%͒ in a tungsten boat. 17, 18 Thin films were deposited onto F-doped SnO 2 ͑FTO, 20 ⍀ / Ǣ͒ coated transparent glass substrates which were cleaned with acetone and ethanol before introduction into to the evaporator. The distance between the filament and the substrates was about 20 cm obtaining good film thickness uniformity. Base pressures in the evaporator registered less than 2 ϫ 10 −6 Torr. Deposition rates were kept at 5 Å / s ͑monitored via a quartz crystal microbalance͒, and the thicknesses of all of samples were ϳ3 m. These WO 3 films were then annealed at different temperatures ͑300, 500, and 600°C͒ for 5 h in air ͑with a temperature ramping rate of 2°C/min͒.
For characterizations of the crystallinity, x-ray measurements were performed using an x-ray diffractometer ͑XGEN-4000, SCINTAG Inc.͒, operated with a Cu K␣ radiation source at 45 kV and 37 mA. The UV-Vis optical transmittance measurements were carried out using an n&k analyzer 1280 ͑n&k Technology, Inc.͒.
Photoelectrochemical measurements were performed using a three-electrode cell with a flat quartz glass window to facilitate light illumination to the photoelectrode surface. The thermally evaporated WO 3 films were used as the working electrode, whose active surface area was about 0.6 cm 2 . Pt mesh and Ag/AgCl were used as counter and reference eleca͒ trodes, respectively. 1 M H 2 SO 4 aqueous solutions were used as electrolytes in the photoelectrochemical measurements. Photoelectrochemical response was measured using a fiberoptic illuminator ͑150 W tungsten-halogen lamp͒ with an UV/IR and combined UV/IR and yellow filter. Light intensity was measured by a photodiode power meter, in which total light intensity with the UV/IR filter was fixed to 125 mW/ cm 2 . The photoelectrochemical response data under light on/off illumination were also measured to confirm the photoresponse of the films during the potential sweep.
III. RESULT AND DISCUSSION
Figure 1 shows x-ray diffraction curves of the substrate, the thermally evaporated as-grown WO 3 film, and the WO 3 films postannealed at different temperatures ͑300, 500, and 600°C͒. From Fig. 1͑a͒ , the unheated as-grown WO 3 film exhibited amorphous structure, and the crystallinity of the film could be gradually improved by increasing the annealing temperature. All of the annealed WO 3 films displayed a monoclinic, polycrystalline structure with a main peak at 24.4°corresponding to a ͑200͒ plane. Crystallite size of the annealed samples was gradually increased from 40 to 65 nm, corresponding to a 300-600°C increase in annealing temperature according to the Scherrer equation. As expected, the as-grown sample has much smaller crystallite size than the 300°C-annealed sample due to its amorphous nature. The expended intensity scale of Fig. 1͑b͒ shows that the 300°C-annealed WO 3 film has a broad peak superimposed together with monoclinic peaks. This superimposed peak combination indicates that the 300°C-annealed sample had mixed structures of amorphous and monoclinic crystallinity. Figure 2 shows optical transmittance spectra of the evaporated as-grown WO 3 film and the postannealed WO 3 films. The amorphous as-grown WO 3 film was more transparent than other annealed films, indicating a larger energy band gap ͑approximately 3.35 eV͒. For heavily disordered WO 3 films, it is known that this energy band gap is in the range of 3.2-3.4 eV, due to band gap widening via the quantum confinement effect in semiconductor clusters. 8, 19 Figure 2 also shows that the absorption threshold of the transmittance was redshifted up approximately from 370 ͑3.35 eV͒ to 470 nm ͑2.64 eV͒ with increases in the annealing temperature. It is known that crystalline, monoclinic WO 3 films have energy band gaps ranging from 2.4-2.7 eV. 8 The crystallinity of the films was improved with an increase of the annealing temperature, resulting in a gradual decrease of the energy band gap, which is in good agreement with results reported by other groups. Figure 3͑a͒ shows the photoelectrochemical responses of the 500°C-annealed WO 3 film in wide potential range of Ϫ0.3 to 2 V under dark conditions ͑upper curve͒ and light on/off illumination ͑lower curve͒. The current-voltage curve under a dark condition indicates a typical electrochromic reaction of the WO 3 film due to the intercalation/ deintercalation of protons. 8, 20 The current-voltage curve under light on/off illumination shows that the photoelectrochemical response started to appear in the potential range above 0.3 V. It is known that the electrochromic reaction mainly occurs at the interfaces between the electrochromic material and the electrolyte. 8, 21, 22 This in turn indicates that the amount of the electrochemical reaction sites of the WO 3 film may be evaluated by comparing current densities of the electrochromic reaction. Figure 3͑b͒ shows the electrochromic current density versus voltage curves for the amorphous as-grown WO 3 film and the postannealed WO 3 films. The current densities are decreased with the increasing FIG. 1. ͑a͒ X-ray diffraction curves of the thermally evaporated as-grown WO 3 film and the postannealed ͑300, 500, and 600°C͒ WO 3 films. ͑b͒ Expended intensity scale of ͑a͒ for substrate, as-grown, 300 and 500°C. annealing temperature, eventually leading to remarkably decreased electrochemical reaction sites for the 600°C-annealed WO 3 film. Electron-hole pairs are generated by the absorption of photons with energies larger than the band gap ͑and separated by the electric field of the depletion region to escape the recombination between them͒. The excited electrons move through the bulk region to the counter electrode where water reduction occurs. The generated holes move toward the WO 3 / electrolyte interface where water oxidation takes place. Amorphous films are basically unable to develop a regular depletion region. Furthermore, the increased defect population provides more recombination centers. This clearly suggests that the photocurrent can be effectively increased by improving the crystallinity of the film, due to the development of a depletion layer and decreased recombination centers. However, the improved crystallinity of the film with larger crystallite size results in decreased electrochemical reaction sites, as shown in Fig. 3͑b͒ . That is, the photoelectrochemical responses of the WO 3 films are most likely affected by these electrochemical reaction sites compounded together with factors such as the crystallinity and optical absorption. Figure 4͑a͒ shows photocurrent-voltage curves of the evaporated as-grown WO 3 film and the postannealed WO 3 films under light illumination with an UV/IR filter. Only freshly prepared samples were used for this photoresponse experiment, because repeated intercalation/deintercalation of protons is known to cause a structural transformation and affect the photoresponse. 23 The amorphous as-grown film showed no photoelectrochemical response, while the photocurrents of the annealed films were significantly increased up to the annealing temperature of 500°C. WO 3 thin films annealed at 600°C exhibited reduced photocurrents. In order to confirm whether the photocurrent of the 500°C-annealed WO 3 film was specifically generated by only absorbed photons without any dark current component, the photoelectrochemical response under light on/off illumination was measured and is displayed in Fig. 4͑b͒. Figure 3͑b͒ shows that dark current values under light-off conditions hardly change across the potential range when compared to the photoresponse under light-on conditions. This strongly suggests that the photocurrent of the 500°C-annealed WO 3 film is generated only by absorbed photons under light illumination without the contribution of dark current. All of the other annealed films in this experiment showed similar trends ͑not shown͒. In order to investigate the photoelectrochemical response in the long-wavelength region, a yellow color filter was used in combination with the UV/IR filter. Figure 5 shows photocurrent-voltage curves of the thermally evaporated asgrown WO 3 film and the postannealed WO 3 films under light illumination with the combined filter. The amorphous asgrown film does not exhibit any photoresponse under illumination with the combined filter, which corresponds well to the results in Fig. 4͑a͒ . The photocurrent increases with increasing annealing temperature of the crystalline WO 3 films up to 500°C. The 600°C-annealed WO 3 film exhibited better crystallinity and increased light absorption in the longwavelength region when compared with the other annealed films. Nevertheless, its photoelectrochemical response is less than that of the 500°C-annealed WO 3 film. This unexpected phenomenon indicates that the photoresponse of the 600°C-annealed WO 3 film is significantly affected by some other overriding factor in addition to the crystallinity and the optical absorption properties. From the analyses of Fig. 3 , the 600°C-annealed WO 3 film most likely contains considerably reduced electrochemical reaction sites; this in turn leads to lower oxygen evolution at the semiconductor/electrolyte interface. These results strongly imply that the photoelectrochemical response of the 600°C-annealed film can be considerably affected by a reduction of electrochemical reaction sites. Consequently, for the general optimization of the photoelectrochemical responses of evaporated WO 3 films, changes in the amount of the electrochemical reaction sites need to be considered along with factors such as the crystallinity and optical absorption.
IV. CONCLUSIONS
The photoelectrochemical responses of both amorphous and progressively crystalline WO 3 thin films have been investigated. The WO 3 films were deposited on unheated FTO substrates by thermal evaporation followed by annealing at different temperatures ranging from 300, 500, and 600°C for 5 h in air. As-grown films displayed an amorphous crystallographic structure and higher energy band gaps due to quantum confinement effects. With increasing annealing temperature, the crystallinity of the WO 3 films improves and light absorption in the long-wavelength region is enhanced due to the lower energy band gaps of the monoclinic WO 3 structure. In this respect, the 500°C-annealed WO 3 film exhibited the best photoelectrochemical response. However, the 600°C-annealed WO 3 film showed lower photoelectrochemical response than the 500°C-annealed film, despite its better crystallinity and optical absorption. Our analyses strongly suggest that the amount of electrochemical reaction sites at the semiconductor/electrolyte interface is significantly decreased for the 600°C-annealed WO 3 thin film and plays a dominant role in the decreased photoelectrochemical response. These results can be useful in helping to design more efficient photoelectrochemical devices employing evaporated WO 3 films. 
